; subscripts denote the SH3 domain to which the conserved in this structure, as it is here. In p47 phox , the domain swap occurs at the distal loop, which is at the described structural element or residue belongs). The largest differences occur in the n-Src loops, which in opposite face to the conserved ligand binding surface, resulting in SH3 A being made in part from the adjacent p47 phox mediate the interaction between the two SH3 domains and result in the burial of 579 Å 2 of solvent SH3 domain (Figure 2A ). Dynamic light scattering studies at protein concentrations up to 3 mg/ml are consisaccessible surface. In particular, the backbone carbonyl of Glu190 A in the n-Src loop of SH3 A forms a hydrogen tent with a monomeric form of the crystallized p47 Figure 5C ). Substituever, Ser328 is close to strand ␤C and the distal loop of tion of a number of these serines by glutamates or aspar-SH3 B ( Figure 5C ) and introduction of a bulky phosphate tates, in order to mimic a phosphoserine, enables comgroup could lead to steric clashes with this region. It seems likely that these three mutations will induce strucplex formation with p22 phox and abrogates the need for . From our structure, it is apparent that a P156Q mutation would lead to the disruption of of auto-inhibited p47 phox and only slight rearrangements interactions between the proline side chain and a hyhave occurred which allow Trp194 A and Trp264 B to make drophobic pocket created by conserved residues of water-mediated hydrogen bonds across the domain in-SH3 A , explaining its importance in p22-p47 phox complex terface. As observed in the auto-inhibited structure, the formation ( Figure 6B ). tandem SH3 domains exist as a domain-swapped dimer with the distal loop of SH3 A acting as the hinge. Dynamic light scattering and sedimentation equilibrium studies A Model for Phosphorylation-Induced Activation of the NADPH Oxidase of this fragment show that, unlike the previous fragment, it exists as a dimer in solution (data not shown). How-NADPH oxidase function is fundamental for our response to infections by pathogens. However, inapproever, as discussed previously for the auto-inhibited structure, we believe that the biologically functional unit priate activation of this enzyme has severe consequences for the host and leads to a number of disease of p47 phox is a monomer ( Figure 6A ) and that the observed domain swap is merely a consequence of the truncation states. Therefore, a complex system of reversible protein-protein interactions has evolved to minimize the risk of the full-length protein and not of any physiological significance.
of accidental activation of the oxidase. These control mechanisms can be divided into two principal steps: Details of the contacts between the p22 peptide and p47 phox are shown in Figure 6B and compared with those first, the translocation and docking of the cytoplasmic proteins to the membrane components and secondly, made in the auto-inhibited conformation. These interactions involve van der Waals interactions between the generation of the active enzyme conformation. The first step is regulated, in large part by p47 phox , which Ala298/Pro155 and a hydrophobic pocket created by Trp263, Tyr237, Pro276, and Tyr279, stacking of Pro299/ exists in different conformations that either enforce the resting state or allow translocation and interaction with Pro156 against Trp193, and the interaction of Pro300/ Pro157 with Tyr167, Pro206, and Phe209. In addition, membrane bound p22 phox . Structures of these different states presented here explain how the NADPH oxidase residues for the formation and function of the superSH3 domain, we introduced the corresponding serine substiis kept inactive through an intramolecular interaction in which the tandem SH3 domains of p47 phox are blocked tutions into the tandem SH3 domains and measured binding to peptide2, representing the core of the polybaand prevented from binding to the flavocytochrome. Phosphorylation of multiple serine residues in the polysic region, and the p22 peptide (peptide3), by fluorescence spectroscopy and ITC, respectively. Interestingly, basic region acts as a switch to destabilize and relieve this auto-inhibitory interaction allowing p22 phox to comintroduction of either mutation individually resulted in proteins that were less soluble than the wild-type propete successfully for binding to the tandem SH3 domains. Additional sites of interaction between p47 phox tein. Furthermore, the double mutant was almost completely insoluble, suggesting that these mutations influand the flavocytochrome have been suggested to exist, which could induce a conformational change in the ence protein folding. Nevertheless, sufficient soluble, monodisperse protein for each of the single mutants membrane bound cytochrome, thereby contributing to the formation of the active enzyme complex. Elucidation could be obtained for binding measurements. The G192S A mutation reduces the affinity for the p22 peptide of the precise architecture of the membrane-assembled complex awaits further studies.
by over 50-fold to 11.8 M, lower than its affinity for isolated SH3 A ( Figure 7B ). This suggests that, in addition to interfering with interdomain interactions, conformaThe superSH3 Domain as a Novel Protein-Protein tional changes induced in the n-Src loop also comproInteraction Module mise peptide binding. In contrast, the G262S B mutation Specificity as well as affinity between SH3 domains and only reduced the apparent affinity for the p22 peptide their target peptides is generally rather low but can be to 3.7 M, which is similar to that for isolated SH3 A . The increased in the context of full-length proteins through study of complex formation with the polybasic core was additional interactions between residues outside of the problematic due to the decreased solubility of these consensus PxxP motif (Lee et al., 1996; Lim, 1996) . Such mutants and the fact that even the wild-type protein has interactions contribute to affinity between the tandem a low affinity for this peptide (29 M). However, the use SH3 domains and the polybasic region in auto-inhibited of intrinsic protein fluorescence allowed us to determine p47 phox . However, our structure reveals that specificity an affinity of ‫021ف‬ M of peptide2 for the G192S mutant and affinity can be achieved by a mechanism involving while the G262S mutant did not show any detectable the formation of a superSH3 domain in which the ligand binding ( Figure 7C ). These data support our observabinding surface is formed by the association of two tions made with the p22 peptide that a glycine in posiconserved SH3 domains that are connected by a flexible tions 192 and 262 is crucial to allow the two SH3 domains linker. This mode of target recognition has the advanto cooperate and form a superSH3 domain and allow tage of greater flexibility when binding of different tarus to rationalize the observation that these mutations gets has to be achieved. The tandem SH3 domains of can lead to CGD. p47 phox must bind to a typical consensus PxxP motif Close to 200 proteins in the nonredundant database as well as an unconventional target sequence. As the contain multiple SH3 domains and a significant subset binding site is formed by two independent domains, contains two or more domains that satisfy the "GWWminor rearrangements between the domains with remotif". These include the CD2AP/CMS family of adaptor spect to one another can allow these different ligands proteins, FISH, and a number of ORFs, encoding proto be accommodated. Similarly, the ligands themselves teins of unknown function. In the light of the results can use different regions of two SH3 surfaces to optidescribed here, we suggest that the formation of sumize affinity and specificity. perSH3 domains might be a general phenomenon in Two structural features allow p47 phox to adopt this par-SH3 domain signaling. In fact, "GWW-motif" containing ticular domain arrangement. First, the covalent link beproteins may represent only a lower estimate of the tween the SH3 domains is necessary to ensure a high number of molecules that could utilize a superSH3 dolocal domain concentration and drive an otherwise exmain arrangement. It is feasible that slight retremely weak interaction. Second, the interface is able arrangements of the SH3-SH3 interface resulting from to form due to the presence of a glycine residue in variations in the length and sequence of the n-Src loop each of the n-Src loops in a conserved "GWW-motif" may also allow association in a similar way. Further (residues 192-194 in SH3 A and 262-264 in SH3 B ). The studies are now required to reevaluate the binding patfirst tryptophan residue is crucial for ligand binding and terns of multiple SH3 domain-containing proteins to esfully conserved in SH3 domains while the second tryptotablish which of these uses a superSH3 domain arrangephan contributes to interdomain interactions in p47 phox . ment to bind their target ligands. The glycine residues are juxtaposed and make van der Waals contacts with main chain atoms in the opposing n-Src loop but do not contact the polybasic region or the Concluding Remarks p22 peptide. The arrangement observed in the crystal structures suggests that substitution of these glycines Reversible protein-protein interactions play crucial roles in many cellular processes. Complex formation is often would lead to disruption of the superSH3 interface (Figure 7A) . Importantly, missense mutations in the p47 phox highly regulated and can induce the assembly of multicomponent complexes, changes in subcellular localizagene that result in substitution of either glycine 192 or 262 to serine have been detected in CGD patients whose tion or modulation of enzyme activity. Protein interaction modules are key mediators of these interactions and one other allele carries a deletion (Noack et al., 2001) .
To further explore the importance of these glycine of the best-characterized modules is the SH3 domain. 
Experimental Procedures
Crystals grew in about 7 days and tended to from clusters. Microdissections were performed to isolate single crystals. For low temperaProtein Cloning, Expression, and Preparation Human p47 phox , the full-length protein and fragments 1-295 (PXture data collection, crystals were transferred stepwise into the respective reservoir buffer containing 5%-25% glycerol. 
